The organization of genes involved in utilization of methylamine (mau genes) was studied in the obligate methylotroph ' Methylobacillus flagellatum ' KT. Nine open reading frames were identified as corresponding to the genes mauFBEDAGLMN. In addition, an open reading frame (orf-1) encoding a polypeptide with unknown function was identified upstream of the rnau gene cluster. Subclones of the 'M. flagellatum KT gene cluster were used for complementation of a series of chemically induced mau mutants of 'M. flagellatum' KT. Mutants in mauF, mauB, mauEID, mauA, mauG, mauL and mauM were identified. Two mutants (mau-18 and mau-19) were not complemented b y the known mau genes. Since none of the chemically induced mutants studied had a defect in orf-1 or mauN, insertion mutants in these genes were constructed. Phenotypically the mutants fell into three groups. The mauF, mauB, mauEID, mauA, mauG, mauL and mauM mutants do not grow on methylamine as a source of carbon and lack methylamine dehydrogenase activity, but they synthesize both the large and the small subunit polypeptides albeit a t different ratios. The mau-18 and mau-19 mutants do not grow on methylamine as a source of carbon, and lack both methylamine dehydrogenase activity and the methylamine dehydrogenase subunits. The orf-1 and mauN mutants grow on methylamine as a source of carbon and synthesize wild-type levels of methylamine dehydrogenase. It has been shown earlier that the product of the mauM gene is not required for synthesis of active methylamine dehydrogenase in Methylobacterium extorquens AM1 and Paracoccus denitrificans. However, MauM is required for synthesis of functional methylamine dehydrogenase in 'M. flagellatum I .
INTRODUCTION
Methylamine dehydrogenase (MADH) is a primary enzyme for the utilization of methylamine as a source of carbon in many methylotrophic bacteria. These bacteria include the facultative autotrophs Paracoccus denitrificans (Husain & Davidson, 1987) and Thiobacillus uersutus (Haywood et at., 1982) , the facultative methylotroph Methylobacterium extorquens AM1 (Eady & Large, 1968) belonging to the 01 subgroup of proteobacteria, the restricted facultative methylotroph Methylophilus methylotrophus W3A1 (Kenny & Mclntire, 1983) and the obligate methylotrophs ' Methylobacillus flagellaturn ' KT (Kiriukhin et al., 1990) , Methylomonas sp. J. (Matsumoto et al., 1980) and Organism 4025 (Lawton & Anthony, 1985) belonging to the p subgroup of proteobacteria, and Methylophaga spp. (Janvier et al., 1985) , which have been recently assigned to the y subgroup of the proteobacteria. 
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The MADH enzymes from diverse physiological groups o f methylotrophs have been well studied and characterized biochemically (Eady & Large, 1968 ; Haywood et al., 1982; Husain & Davidson, 1987; Kenny & McIntire, 1983 ; Kiriukhin et al., 1990; Lawton & Anthony, 1985; Matsumoto et al., 1980) and have been shown to be similar. For all cases studied, MADH is a periplasmic protein consisting of two small and two large subunits. Each small subunit has a covalently bound prosthetic group called tryptophan tryptophylquinone (TTQ), synthesized from two tryptophan residues belonging to the small-subunit polypeptide chain (McIntire et al., 1991) . The MADHs from restricted facultative methylotrophic bacteria belonging to the genus Methylophilus (Burton et al., 1983; Chandrasekar & Klapper, 1986 ) use a c-type cytochrome as an electron acceptor, whereas MADHs from other niethylotrophs use blue copper proteins --cupredoxins (,4nthony & Jones, 1987; Dinarieva & Netrusov, 1989; Van Houwelingen et al., 1985; Husain & Davidson, 1985; Lawson & Anthony, 1985; Tobari, 1984; Tobari & Harada, 1981) . Organism 4025 and ' Methylobacillus flagellaturn' KT can grow slowly on methylamine in a medium depleted of copper, and no cupredoxins can be detected (Dinarieva & Netrusov, 1989; Lawton & Anthony, 1985) . An unknown cytochrome was suspected to function under such growth conditions, since the well-characterized cytochromes cL and cH in Organism 4025 do not accept electrons from MADH in uitro (Auton & Anthony, 1989) . All or some of the genes responsible for MADH synthesis (mau genes) have been cloned from Methylobacterium extorquens AM1 (Chistoserdov et al., , 1994a , P. denitrificans (Van Spanning et al., 1990; Chistoserdov et al., 1992; Van der Palen et al., 1995) , T . versutus (Ubbink et al., 1991; Huitema et al., 1993) , ' Methylobacillus flagellatum' KT (Gak et al., 1995) and A4ethylophilus methylotrophus W3A1 (Chistoserdov et a!., 1994b) . The mau gene clusters from T. uersutus, P. denitrificans and M . extorquens AM1 contain genes for amicyanin ( m a d ) and a polypeptide with unknown function ( m a u l ) between m a u A (encoding the MADH small-subunit polypeptide) and mauG (encoding a putative peroxidase) (Chistoserdov et al., 1994a; \'an Spanning et al., 1990; Ubbink et al., 1991) . In the M. methylotrophus W3A1-NS and ' M . flagellaturn' KT chromosome mauC and m a u l are missing, and mauG immediately follows m a u A (Chistoserdov et al., 1994b ; (; ak et al., 1995) . A distinctive feature of the mau gene cluster from 'M. flagellatum' KT is that the cluster is followed by the gene for azurin (Gak et al., 1995) . The present article addresses the question of the organization of the mau gene cluster from ' M . flagellatum' KT and describes the analysis of a set of chemically induced and irisertional mau mutants.
METHODS
Bacterial strains and plasmids and growth conditions. The bacterial strains and plasmids used in this work are shown in Table 1 . All Escherichia coli strains were grown in Luria-Bertani medium in the presence of appropriate antibiotics as described by Maniatis et al. (1982) , except that the concentration of chloramphenicol for PAY C63 derivatives was 0.01 mg ml-'. IPTG and X-Gal were added at 0.04 mg ml-'. The ' Methylobacillus flagellaturn' KT strains were grown in the minimal medium described by Fulton et al. (1984) , except that it was used in double strength and its p H was adjusted to 7.2-7.3 with sodium hydroxide. The nitrogenfree medium used was the minimal medium with sodium sulfate (0.2 g 1-l) substituted for ammonium sulfate and ammonium molybdate omitted. The concentrations of tetracycline (Tc), ampicillin (Ap), rifamycin, chloramphenicol (Cm) and kanamycin (Km) for growing the M . methylotrophus KT strains were 0.001, 1, 0.1, 0.15 and 0.15 mg ml-' respectively. Methanol DNA manipulations. Plasmid isolation, E. coli strain transformation, preparative isolation of the DNA fragments from agarose gels, restriction endonuclease digestion, ligation, and blunting of ends with Klenow fragment or T4 DNA polymerase were carried out as described by Maniatis et al. (1982) . Random primer labelling of DNA fragments was done as suggested by the manufacturer (Boehringer Mannheim). Chromosomal DNA of the ' M . flagellaturn' K T strains was isolated in accordance with the procedure of Marmur (1961).
DNA sequencing. DNA sequencing was performed by the dideoxy chain-termination method on both strands in the UCLA DNA Sequenator Core Facility on an Applied Biosystems sequenator. Plasmid PAY C63 ( CmR ; Chistoserdov et al., 1992) was used as a vector for subcloning and sequencing in addition to pUC19 (ApR).
Matings. Bi-and triparental matings were done as described by Fulton et al. (1984) . pRK2013 was used as a helper plasmid in triparental matings.
Isolation of chemically induced mutants of 'M. flagellatum' KT. The 1-methyl-3-nitro-1-nitrosoguanidine mutagenesis procedure used in this research was as described by Miller (1972) with modifications for ' M. flagellaturn ' KT (Kletsova et al., 1988) . Carbenicillin (1 mg ml-') and D-cycloserine (0.3 mg ml-') were used for enrichment of mutants as described by Miller (1972) , except that incubation time with antibiotics was increased to 24 h.
Construction of insertional mau strains.
Insertion mau mutants were constructed by homologous recombination as described previously (Ruvkun & Ausubel, 1981) . The KmR cassette from pUC4K was used as a selective inactivating marker and plasmids pAYC61 (Chistoserdov et al., 1994a) and pSUP2021 (Simon et al., 1983) were used as suicide vectors.
MADH assay. ' M . flagellaturn' KT cells were broken by the following osmotic shock procedure. Cells from 50 ml cultures were collected by centrifugation, suspended in 1.5 ml of 25 % (w/v) sucrose solution in 50 mM Tris/HCI buffer p H 7.5, and Simon et al. (1983) Pharmacia 'Where no source or reference is given, the strain or plasmid was derived in this study.
washed twice using 1 ml of the same buffer. A 0.48 ml sample After incubation at 37 "C for 15 min 0.2 ml protoplast of the cell suspension was withdrawn and was supplemented suspension was diluted with 0.8 ml cold distilled water, with 0-5 ml lysozyme solution in the same sucrose buffer causing lysis. Cell debris was pelleted by centrifugation for (0-2 mg ml-l) and 0.02 ml 0.5 M EDTA to form protoplasts. 30 min in a refrigerated Eppendorf centrifuge (14000 r.p.m.). hlADH in periplasmic extracts was measured spectrophotometrically in accordance with Eady & Large (1968) . Protein concentrations and the precise concentration of lysozyme in the lysozyme solutions were measured as desc.ribed by Whitaker & Granum (1980) . The lysozyme concentration was subtracted to obtain concentrations of c c h l a r proteins in extracts.
Computer analysis of DNA sequences. Computer analysis was carried out by using PCGENE (Genofit) and GCC; (University of W'isconsin Genetic Computer Group).
Electrophoresis of proteins. The Laemmli system was used for SDS-PAGE (Laemmli, 1970) . Separations were done in 13 ' / o (w/v) or 15% (w/v) gels. Protein standards for SDS-PAGE were from Bio-Rad.
Transfer of proteins onto membranes. Proteins were transferred onto nitrocellulose membranes for immunoblot experiments and quinone-specific staining using the standard protocol provided by the manufacturer of the 'Trans-blot cell' apparatus (Bio-Rad), using a 4 h transfer time. lmmunoblot experiments. The ' i Assay Kit' (Bio-Rad) was used to detect the MADH large-subunit polypeptide and the 'Amplified Alkaline Phosphatase i Kit' (Bio-Rad) was used to detect the MADH small-subunit polypeptide. The kits were used in accordance with the manufacturer's recommendations.
Quinone-specific staining. This was done as described by Paz et a [. (1991) .
RESULTS

Organization of the rnau gene cluster
Cloning of the mau gene cluster from 'Methylobacillus fi7,zgellatum' KT was reported in our earlier work (Gak et al., 1995) . This mau gene cluster was cloned as two overlapping fragments of chromosomal DNA : an 8.5 kb PstI fragment and a 4.5 kb HindIII fragment (Fig. 1) .
Since complete or partial nucleotide sequences of several mau gene clusters were available (Chistoserdov et al., 1994a, Several potential hairpin structures were identified in the sequenced region (Fig. 1) . A hairpin structure with predicted energies of production of -20.6 kcal mol-l (-86-1 kJ mol-l) is located between mauN and azu.
This hairpin structure closely resembles a p-independent terminator of E. coli. Four possible hairpin structures are located between orf-1 and ma&. They all have relatively low free energies of production (-9-4 to -11.8 kcal mol-l; -39.3 to -49.3 kJ mol-l) and they do not resemble p-independent terminators of E. coli.
Generation of chemically induced rnau mutants
In order to further analyse the mau system, a number of Mau-mutants of ' M . flagellaturn' KT were generated using N-methyl-N'-nitro-N-nitrosoguanidine mutagenesis (Kletsova et a[., 1988) . All attempts to generate rnau mutants by chemical treatment were unsuccessful until carbenicillin and D-cycloserine in combination were used for enrichment. The frequency of occurrence of rnau mutants after such the enrichment was 5 x lop3. Of 62 mutants initially isolated as growing on methanol but not on methylamine, only 18 were found to inherit the Mau-phenotype stably, with reversion frequencies less than lo-', and they were used for further work (Table 1) .
Corn plemen tat ion ana I ysis of mau mu tan ts
T o identify mutants containing lesions in the known mau genes, the 8.5 kb PstI and 4.5 kb HindIII fragments were subcloned into the broad-host-range vector pRK310 such that the mau genes were transcribed from the lac promoter. The plasmids used were designed to distinguish between mutants in each mau gene, and included pGak2 (orf-1 mauFBEDAGLM ') containing the entire 8.5 kb PstI fragment, pGak4 (mauD'AGLMN a m ) containing the entire 4-5 kb HindIII fragment, pGak6 (mauD'AG') containing a HindIII-NsiI subfragment of pGakl, pGak7 (mauD'AGL'N' a m ) , the result of an EcoRV-PmlI deletion in pGak4, p G a k l l (orf-1 mauFB') containing a PstI-BamHI subfragment of pGak2, pGak6O (mauM'N axu') containing a PstI-HincII subfragment of pGakl, pGakS (mauB'EDAG') containing a Hind-SmaI subfragment of the 8-5 kb PstI fragment, and pGakR (mauB'E) containing a HincII-EcoRV subfragment of the 8.5 kb fragment (Fig. 1 ). These plasmids were introduced into each mutant in triparental matings with selection for TcR. One hundred transconjugants from each mating were checked for the ability to grow on methanol. In all the cases, tansconjugants showed a uniform phenotype (all Mau-or all Mau+). The colonies of transconjugants selected after the transfer of pGakR into KT-10, KT-24, KT-26 and KT-32 were tiny and we were not able to restreak them. Therefore, we cannot identify precisely the nature of the lesion in these mutants; they are either mauE or mauD. The plasmids used would also not distinguish between mutants in orf-1 and mauE, but in this case orf-1 mutants were shown to be Mau' (see below). Complementation analysis allowed us to identify the nature of mau mutations in all of the mutants ( 
Generation of insertion mutations in the mauN gene and orf-1
In order to obtain idormation about the function of mauN and orf-1, insertion mutants were generated in these two genes by homologous recombination between the chromosome and plasmids containing insertions in the genes. The KmR cassette from pUC4K was inserted in the genes at the sites noted in Fig. 1 Chromosomal DNAs of these mutants were hybridized with pUC4K and the corresponding DNA fragment KT KT-61 (mau-61) KT-79 (mau-79) KT - '' -t , Complementation; -, absence of complementation.
t -t +, Property is the same as wild-type; +, considerable decrease compared to the wild-type; -, absence of property.
which was used in generating the mutant. In all cases a 1.4 kb increase in the mutagenized fragments was observed, confirming the presence of only the KmR cassette (data not shown).
All of the insertion mutants were able to grow on methylamine. This fact may explain why n o chemically induced mutants were identified for these two genes.
Mutants 306a-1 (orf-1) and 80-2 (rnauN) were indistiriguishable in their properties from the wild-type strain and therefore they were not used for further studies.
Phenotypic analysis of MBU mutants
'hl. flagellaturn' KT can grow only on methylamine or methanol as sources of carbon (Govorukhina et al., 1987) . To determine which amines this bacterium can utilize as sources of nitrogen, growth of the wild-type 'Ad. flagellaturn' KT was assessed in nitrogen-free medium containing methanol as a source of carbon to which each of the amines listed in Methods were added. Ethylamine, ethanolamine, dimethylamine and n-propylamine, but not trimethylamine, served as nitrogen sources for ' M. flagellaturn ' KT.
The chemically induced mau mutants were checked for their ability to utilize the amines listed above as sources of carbon and/or nitrogen. All mutants were able to use methylamine, ethylamine, ethanolamine, dimethylamine and n-propylamine as sources of nitrogen, but not trimethylamine. The growth rates of the mutants with the amines as sources of nitrogen were essentially identical to that of the wild-type.
To further characterize the mutant phenotypes, the following properties were studied : the presence of MADH activity; the presence of large and small subunits in immunoblot experiments; and the presence of quinone in the small-subunit polypeptide as assessed using a quinone-specific stain.
It is known for several methylotrophic bacteria that the presence of methanol in the growth medium substantially represses MADH activity even if the natural inducer of MADH, methylamine, is also present. the large and small subunits differed from strain to strain. In the m a u A (KT2.1) and mauE/D (KT10, KT24, KT26, KT32) strains the amounts of the small-subunit polypeptide were decreased relative to the amounts of the large subunit polypeptide. In one mutant (KT86) both the large and small subunit polypeptides were present at levels lower than that of the wild-type strain, but the ratio between the large and small polypeptides for KT86 was the same as for the wild-type. A redoxcycling staining procedure has been developed by Paz et al. (1991) for specific staining of quinoproteins; it allows the specific staining of the MADH small-subunit polypeptide after transfer to a membrane from a denaturing polyacrylamide gel. A set of polypeptides was stained by this procedure in extracts from all strains, including a polypeptide with molecular mass around 14 kDa, which corresponds to the MADH small subunit. The only two exceptions were mau-18 and mau-1 9, which lacked the 14 kDa polypeptide. 
DISCUSSION
P. denitrificans
and ' Methylobacillus flagellatum '. MauG is a putative c-haem-containing peroxidase believed to be involved in TTQ biosynthesis (Lidstrom & Chistoserdov, 1993) . Earlier data of Page & Ferguson (1993) The ability of mau mutants of ' M . flagellatum' KT to utilize amines as sources of nitrogen indicates that MADH is not the only amine-oxidizing system in this bacterium. Particularly interesting is that ' M . flagellatum' KT has a system which allows it to use dimethylamine as a source of nitrogen but not as a source of carbon. T w o enzymes are known that are able to oxidize dimethylamine : dimethylamine monooxygenase (Burton et al., 1983) and dimethylamine dehydrogenase (Meiberg & Harder, 1979) . Both enzymes produce methylamine as a product of dimethylamine oxidation. Methylamine would allow ' M . flagellatum' KT to grow on dimethylamine if it had either of these two enzymes. Apparently, ' M . flagellatum ' KT has a novel dimethylamine oxidation system, which oxidizes dimethylamine directly to ammonia without conservation of energy.
